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THE TIME OF HIGHEST FERTILITY of the female rhesus monkey has long been recognized to be in the fall and winter when animals are housed outdoors in feral or seminatural environments (11, 19) . This is referred to as the breeding season and occurs in the months of mid-October to mid-April in the northern hemisphere and is reversed by 6 mo in the southern hemisphere (2) . Because most outdoor-housed monkeys have free access to males and conceive in the first few ovulatory cycles in each annual breeding season, it was not known initially how long the breeding season might extend. When females were housed outdoors with vasectomized males, ovulation occurred from mid-November to mid-April, and menses and serum estradiol levels were decreased from May to September (50) . Levels of bioactive luteinization hormone (LH) are also reduced in the summer months (51) .
With the increased availability of indoor-housed, timemated animals it was noted that under controlled environmental conditions such as temperature and light, many indoorhoused, time-mated females still display reduced menses and fertility during the summer months. Ovulation is dramatically reduced; in one study only two of seven monkeys ovulated (39) . Although serum estradiol levels are similar throughout the year, progesterone levels are reduced during the summer (24) . Furthermore, during the summer the development of the dominant follicle appears to be delayed and the ratio of follicle stimulating hormone (FSH) to LH is altered, which may lead to deficient luteal progesterone production (24) . Thus, the maturation of the entire follicle appears to be compromised.
The advent of controlled ovarian stimulation (COS -"superovulation"), with injected recombinant human gonadotropins has allowed the natural serum levels of FSH and LH to be superseded. Although it is now possible to obtain oocytes during the summer months and embryo development to the blastocyst stage, especially when fertilization is accomplished via sperm injection, there is only one report of successful in vitro fertilization in summer (34) . Because so few summer oocytes have been collected with these assisted reproduction techniques, the overall quality of summer oocytes has not been well studied.
In this report, we present data documenting reduced quality of rhesus monkey oocytes obtained during the summer months. To examine the basis for this seasonal effect on oocyte quality, we compared global transcriptomes between cumulus and mural granulosa cells (CCs and GCs) associated with oocytes produced by COS during the winter and summer months. Previous studies in the rhesus monkey note that the gene expression patterns of CCs were more predictive of oocyte quality than transcriptome profiles of oocytes (28, 29) and that CCs and GCs share many features after ovulation (9) . This relationship between follicular somatic cells and oocyte quality reflects the intimate bidirectional interactions between oocyte and CCs and the role of the GCs in defining the follicular environment, both of which support the development of highquality oocytes. Similar correlations have been reported in other species, including humans (21) . These transcriptome comparisons of CCs revealed significant effects on the expression of mRNAs related to cell morphology, angiogenesis, proliferation, hypoxic stress response, lipid metabolism, and endocrine signaling.
METHODS

Collection of cells.
Adult female rhesus macaques (Macaca mulatta) were housed as previously described (35) at the California National Primate Research Center. All procedures for maintenance and handling of the animals were reviewed and approved in advance by the Institutional Animal Use and Care Administrative Advisory Committee at the University of California at Davis. The criteria for selection included age range from 6 to 12 yr, history of successful pregnancy, and normal menstrual cycles.
Controlled ovarian stimulation. COS was performed with twice daily injections of human recombinant FSH (37.5 IU) for 7 days (begun within 4 days after menses) and 1,000 IU of human chorionic gonadotropin (hCG) on day 8. On day 9, oocyte-CC complexes were obtained by ultrasound-guided needle aspiration of follicles as described (49) . Follicle sizes collected ranged from 3 to 10 mm. Oocyte and CCs were processed according to established procedures (28, 29) . GCs were also separated from the follicular aspirate and processed as described (9) . Oocytes were observed for maturation status and only CCs from mature oocytes (MII) were used for this study. Thus, GCs were pooled from all follicles, but CCs were pooled from only MII oocytes. Cells representing the normal breeding season were collected from three females from October to April. Cells representing the summer season were collected from three females from mid-June to mid-August.
Array data acquisition. Affymetrix rhesus genome arrays were used to create whole transcriptome mRNA expression profiles for CCs and GCs obtained during the normal breeding season and summer. To minimize the impact of interfollicle or interfemale variability on array results, we adopted a pooling strategy. Samples from three females were combined to yield each array sample. The GCs and CCs from an individual female were pooled according to cell type, and then aliquots of cells from two to three females were pooled to create the final samples for array analysis (summer CC, 3 females/sample; control CC, three females for one sample, two females for other samples; summer GC, three females/sample; control GC, two females for one sample, three females/sample for the other samples). In this way, we obtained three or four replicate arrays for each cell type and condition.
Total RNA was isolated from cells with the PicoPure RNA isolation kit (Life Technologies). Up to 50 ng of total RNA from each array sample were subjected to two rounds of cDNA synthesis with the Arcturus RiboAmp HS Plus kit (Life Technologies). Labeled cRNA was produced using the Affymetrix GeneChip Expression 3= Amplification for IVT Labeling Kit. The biotin-labeled cRNA samples were fragmented, and 10 g were hybridized onto arrays. Posthybridization washing, staining, and scanning were performed as described in the Affymetrix GeneChip Expression Analysis Technical Manual.
Array data analysis. Array data were analyzed with scripts written in R (http://www.R-project.org), utilizing routines from Bioconductor (18) and Significance Analysis of Microarrays (SAM) (48) packages.
We assessed the quality of array data by examining standard indicators: minimum, maximum, and average background; percentage of present calls by MAS5 algorithm; scaling factor; and ratios of expression between 3= and 5= probes for spike-in probe-sets. Table 1 contains the summary of these parameters for samples that passed quality control. We summarized and normalized probe-set expression values with robust multiarray analysis (25), using custom probe-set definitions (explained below). Samples from summer and breeding season were compared (separately for each cell type) to identify differentially expressed genes with the SAM algorithm (48) , with false discovery rate (FDR) threshold 0.01 and 1,000 permutations per comparison. Probe-sets with all expression values Ͻ100 were excluded, as well as the probe-sets with at least one absent call in both treatment groups. To eliminate the effects of random sampling, we repeated SAM analysis five times, and a probe-set was deemed significantly differentially expressed only if it passed FDR control all five times. Full datasets were deposited in the National Center for Biotechnology Information's (NCBI's) Gene Expression Omnibus. Data are also available in a searchable format at the Primate Embryo Gene Expression Resource (http://www.preger.org).
A custom set of probe-set definitions was used to reduce the potential impact of cross-hybridization to off-target mRNAs and to maximize the confidence and number of gene annotations applied to probe-sets. We validated probe-set definitions by aligning probe sequences to rhesus macaque mRNA Reference Sequences (RefSeq) and removing probes not aligned to any mRNA sequences or aligned to two or more unrelated mRNA sequences. Updated probe-set annotations were compiled from gene and mRNA records downloaded through NCBI Entrez eUtils system and FTP server (http:// www.ncbi.nlm.nih.gov/) on July 17, 2013. The gene symbol assignments were combined with assignments based on alignment of rhesus assay probes to human mRNA sequences, provided by the laboratory of Prof. Robert Norgren (http://www.unmc.edu/rhesusgenechip/ RhesusGeneChipAnnot3.xlsx). This was especially important for those probe-sets that were not assigned to any rhesus gene (possibly due to incomplete or wrong RefSeq mRNA sequences) or for which the initially assigned rhesus genes had generic symbols of the form LOCnumber. Human-to-rhesus alignment data (ftp://hgdownload.cse. ucsc.edu/goldenPath/rheMac2/vsHg19/) were used to resolve ambiguities or inconsistencies between symbols for homologous human and rhesus genes.
To evaluate possible cooperative effects among genes showing significant differences in expression between summer and breeding season samples, we used the Ingenuity Pathway Analysis (IPA) program (Ingenuity Systems, Rockwood, CA) to analyze lists of affected genes separately for each cell type. IPA provides the opportunity to identify statistically significant effects on biological functions, canonical pathways, and potential upstream regulators. Statistical significance is evaluated by Fisher's exact test (P value threshold 0.05). The z-score, which measures the congruence between the observed change (increased or decreased) in gene expression and previously reported gene activities, is also used to evaluate and characterize significance of effects on specific biofunctions and the activation/inhibition states of predicted upstream regulators. IPA also constructs networks that incorporate genes from the target lists with previously reported relationships that can provide insight into possible pathways leading to observed changes in gene expression.
Quantitative RT-PCR analysis. For CC RNA, which was very limited in amount, an aliquot of each RNA pool was subjected to reverse transcription and then whole transcriptome amplification using the QuantiTect whole transcriptome kit (Qiagen, Valencia, CA), and ϳ160 ng of cDNA were used for each quantitative (q)PCR measurement. For GCs, where a more abundant supply of RNA was available, cDNA from reverse transcription of each RNA pool was used directly for qPCR measurement (initial total RNA input 50 -250 ng). We assayed each gene by completing seven technical replicates for each sample. The mRNA abundance of each target gene was initially normalized to the endogenous control mRNA encoding GOT2 (mitochondrial glutamate oxaloacetate transaminase). Two additional endogenous controls were employed for confirmation, as described in RESULTS (mitochondrial ribosomal protein S18C gene-MRPS18C, and the serine/arginine rich splicing factor 7 -SRSF7). 
, and TNFAIP6 (Rh02862767_m1). Other genes were assayed with custom primers: ATP8 (forward, CCACCAACCACCCCTTACAAA; reverse, ATTTTGGTTGT-CAGCGGACATTG; reporter, CCCACCCTTCAGTCTCA), and ND2 (forward, AGCCCCCTTCCACTTCTGA; reverse, GGGTGAATTTGGTA-CATGATTGAGATG; reporter, CCAAGGAACACCCCTAACC), ND4L (forward, CGCTCTTTATTATGGCCACCCTTAT; reverse, AGGCG-GCAAATACTAACAAAATGATG; reporter, CAAACACACACTT-CCC).
RESULTS
Quality of oocytes from summer cycles.
Oocyte collections performed during the summer exhibited a large percentage that did not mature to MII; oocytes underwent germinal vessel breakdown but failed to mature and appeared to have darker cytoplasm. The average percentage of oocytes maturing to MII was 36% (range 26 -48%) in the summer, which was much lower than the Ͼ80% MII oocytes obtained in our studies during the previous breeding season (8) .
Transcriptome comparisons between summer and breeding season cells. The above data indicate that oocytes from summer cycles are reduced in overall quality. To explore the basis for this, we conducted a global transcriptome analysis of the somatic cells (CCs and GCs) associated with ovarian follicles; previous studies indicate that somatic cell transcriptomes, particularly those of CCs, are predictive of oocyte quality and that their analysis can reveal alterations in follicle biology that underlie reduced oocyte quality.
We obtained four high-quality arrays for summer and breeding CCs and three high-quality arrays for summer and breeding season GCs. One of the four processed summer GC arrays was omitted from the analysis as an outlier, with a highly dissimilar global expression profile compared with both the remaining three summer GC arrays as well as with three breeding season GC arrays (average correlation coefficient is 0.983 Ϯ 0.002 within three summer GC arrays, 0.978 Ϯ 0.0001 within three breeding season GC arrays, but only 0.967 Ϯ 0.004 between outlier GC array and six other GC). The percentage of P calls (present calls) and average backgrounds were all within acceptable ranges and similar between arrays. The scaling factors were close to each other, consistent with acceptable quality (Table 1) . SAM analysis revealed significant effects of season on 106 probe-sets with the GC samples and on 292 probe-sets with the CC samples (Supplemental Tables S1 and S2). 1 Among the probe-sets showing reduced signals in summer GCs, 18 (including 14 probe-sets with assigned gene annotations) were also reduced in summer CCs; three of these corresponded to the liver form of glycogen phosphorylase (PYGL); three affected probe-sets correspond to mRNAs encoding mitochondrial proteins NADH dehydrogenase subunits 2 and 4L and ATP synthase F0 subunit 8, and a fourth was a nuclear gene encoding a mitochondrial ATP synthase complex component ( Table 2 ). Another affected probe-set with reduced expression corresponded to a modulator of potassium channel function (KCNAB1). Another probe-set showing reduced expression in GCs and CCs represented SHISA2, an inhibitor of WNT signaling.
Of the 63 probe-sets showing increased hybridization signals in summer GC, 22 were also increased in summer CCs (Table 3) . Among these, the probe-sets with largest FCs include those for the genes COL14A1, SYNE1, and ANKRD28. ANGPTL1.
Individual gene expression analysis by qRT-PCR. From the genes with statistically significant differential expression detected in GCs and CCs by microarrays, six were selected for follow-up with qPCR in GCs, and nine were selected for follow-up in CCs. All six genes assayed with qPCR in GCs were confirmed to be differentially expressed (Fig. 1A) . Stanniocalcin 2 mRNA (STC2) was detected in control GC samples but not detected in summer GC samples, confirming differential expression.
Six of nine genes assayed with qPCR in CCs were confirmed to be differentially expressed (Fig. 1B) . Three genes for which qPCR confirmation failed to be confirmed at a confidence level of P Ͻ 0.05 were cytochrome P450 19A1 (CYP19A1), PYGL, and tumor necrosis factor alpha-induced protein 6 (TNFAIP6). These are also the three selected genes with the lowest FC as estimated by the microarray analysis. Results for CYP19A1 revealed the expected trend toward downregulation in summer samples, but due to higher variance among samples and the small magnitude of difference, the obtained P value (0.126) was above the significance threshold. PYGL mRNA was flagged as significantly reduced in CCs by multiple probe-sets on the microarray with FC ranging from 2.59 to 2.93, less than the over fourfold reduction predicted on arrays for GCs. PYGL qPCR measurements were highly variable for CCs and failed to confirm downregulation for these cells. However, differential expression of PYGL was confirmed for GCs.
To confirm the results obtained using GOT2 as the endogenous control, we repeated GC measurement for six selected genes and GOT2 twice, using SRSF7 and MRPS18C as internal standards. Obtained P values and FC ratios for six genes were all similar as when GOT2 was used, confirming the validity of results. Furthermore, there was no significant difference in expression of GOT2 between control and summer samples, validating its use as the endogenous control. Cross-checking GOT2 expression to the other two housekeeping genes revealed variance in GOT2 expression within normal samples and within summer samples; however, GOT2 offered the least variance between control and summer samples of the three candidate housekeeping genes tested. This small variance in endogenous control gene expression may have obscured the detection of small FCs in expression of some of the target genes (e.g., CYP19A1, PYGL, and TNFAIP6 in CCs).
IPA of gene expression differences. To gain further insight into the biological functions, pathways, and processes likely to be most highly affected in CCs and GCs by season, we subjected the lists of affected probe-sets to IPA analysis. The top affected biofunctions emerging from the IPA analysis for GC cells were associated with cardiovascular system development, cell proliferation, fatty acid metabolism, and cytoskeleton dynamics (Table 4 and Supplemental Table S3 ). Genes appearing repeatedly among the affected biofunctions include angiopoietin like 1 (ANGPTL1), coagulation factor II receptor like 1 (F2RL1), activated leukocyte cell adhesion molecule (ALCAM), prostaglandin E receptor 3 EPs subtype (PTGER3), Probe-sets are sorted in decreasing order according to the product of granulosa cell (GC) and cumulus cell (CC) fold-change ratios. Additional information about probe-sets and genes is available in Supplemental Tables S1 and S2. Four additional probe-sets with significantly reduced expression in both summer GCs and CCs are not listed in this table because they lack gene assignments. Probe-sets are sorted in decreasing order according to the product of GC and CC fold-change ratios. Additional information about probesets and genes is available in Supplemental Tables S1 and S2. protein tyrosine phosphatase receptor type Mu (PTPRM), and transforming growth factor beta type III (TGFBR3) for cardiovascular and cell proliferation functions. Three of the five affected IPA networks retrieved for GC analyses were also related to cell proliferation (Supplemental Table S4 ).
The IPA upstream regulator analysis is a useful tool for discovering potential mechanistic roots of observed effects on biofunctions and pathways. The analysis can predict upstream regulators that control the expression of affected genes (Supplemental Table S5 ). Predicted upstream regulators that regulate the highest number of genes in IPA networks are shown in Table 5 . Predicted upstream regulators can themselves be affected (Supplemental Table S5 , top) or unaffected (Supplemental Table S5 , bottom) by the season. Unaffected upstream regulators can include cellular regulators that are not expressed in the cell type analyzed or even exogenous chemical or other inhibitory factors. Thus, the upstream regulator analysis can reveal potentially relevant factors outside of just the range of expressed or differentially expressed genes.
One upstream regulator that was itself affected (reduced expression in summer GCs) was retrieved (musculoaponeurotic fibrosarcoma oncogene family protein B, MAFB) but was not associated with a significant z-score. The only predicted upstream regulator with a significant (Ͼ1.96 or ϽϪ1.96) z-score (in this case negative, indicating inhibition of the pathway) and a predicted activation state for GCs was the cell proliferation regulator oncostatin M (OSM). The second highest ranked upstream regulator was vascular endothelial growth factor (VEGF). The upstream regulator analysis thus confirms likely negative effects of summer season on the process of cell proliferation via OSM (which exerts pleiotropic effects, either inhibitory or mitogenic) and suggests additional effects on GC cell proliferation signaling may occur via other regulators.
Of the 292 affected probe-sets in CC samples, 200 displayed reduced expression in the summer CCs, and 92 displayed increased expression (Supplemental Table S2 ). Among the probe-sets indicating reduced mRNA expression, the three most highly affected again correspond to mitochondrial mRNAs encoding NADH dehydrogenase subunits 2 and 4L and ATP synthase F0 subunit 8. Other prominent affected probesets indicating reduced mRNA expression include nuclear encoded genes, with 83 probe-sets displaying twofold or greater changes. The genes affected at the level of twofold or more include ones related to a variety of processes, such as calcium regulation, cellular signaling, cell-cell interactions, transcription, angiopoiesis, and endocrine signaling, apoptosis, transport and metabolism (e.g., stanniocalcin 2, cathepsin L2, alpha-2 actinin, alpha-3 soluble guanylate cyclase, LH/hCG receptor, angiopoietin 2, PYGL, SIN3A associated protein, 30 kDa, and CYP19A1).
Of the probe-sets displaying increased expression in summer CCs, 72 display twofold or greater changes (Supplemental Table S2 ). These correspond to genes related to cell-matrix interaction, cytoskeleton, angiopoiesis, cellular signaling, metabolism, translation transcription, and transport.
To gain further insight into the biological functions, pathways, and processes likely to be most highly affected in CCs by season, we subjected the lists of affected probe-sets to IPA analysis. We first evaluated effects of season on biological functions (Table 6 and Supplemental Table S6 ). The IPA biofunction analysis revealed inhibition of 11 biological functions, with both significant z-scores and significant P values. Of these, six relate to cell morphology and movement, three relate to cell proliferation, along with angiogenesis, and lipid synthesis. Effects on several genes appear repeatedly among these affected biofunctions, including: reduced expression in summer CCs of angiopoietin 2 (ANGPT2), CYP19A1, LHCGR, high mobility group box 1 (HMGB1), caveolin 1 (CAV1), periostin (POSTN), cathepsin L2 (CTSL2, a.k.a. CTSV), and vascular endothelial growth factor C (VEGFC) mRNAs and the microRNA mir-210, and increased expression of ANGPTL1 and forkhead box O1A (FOXO1) mRNAs. An additional 17 biofunctions were assigned z-scores at the level of 1.5 or higher (or Ϫ1.5 or lower for negative z-scores) but below the threshold 1.96 (or above Ϫ1.96) required for biofunctions to be characterized as activated or inhibited. These scores may possibly be lower due to insufficient annotations in the knowledge database or inconsistency relative to anticipated gene expression changes among affected member genes (Supplemental Table S6 ), and the lack of activated/inhibited characterization may possibly be false for some of these biofunctions. These additional categories echoed the above 11 but included in addition effects related to cell death. The IPA network analysis (Supplemental Table S7 ) reinforces many of the processes highlighted in the biofunction analysis, including cell movement and morphology, cardiovascular system development, cell proliferation, and cell death.
Pathway analysis for CCs (Table 7) yielded additional effects related to NAD salvage/phosphorylation/dephosphorylation pathways, nitric oxide signaling, HMG1B signaling, hypoxia inducible factor (HIF1A) signaling, pyrimidine metabo- (4) MAFB has Ͼ2-fold reduced expression in summer GCs. Regulators are ordered by the number of IPA networks that they regulate. One regulator (MAFB) that is itself affected in summer GCs is listed separately on top. The numbers in parenthesis next to network IDs in the 4th/8th column signify how many molecules in those networks the regulators are affecting (e.g., TP53 regulates 4 molecules in network 1 and 2 molecules in network 2). Labels (M/. . .) in the 4th/8th column signify that the regulators are also member of those networks, e.g., Vegf regulates 5 molecules in network 1 and is also a member of network 1. Symbols for genes with increased (or decreased) expression and fold-change Ն2 are preceded with _ (or +). Symbols for genes with increased (or decreased) expression and fold-change Ͻ2 are preceded with 1 (or 2).
lism, interleukin-6 (IL-6) signaling, and estrogen signaling. Affected molecules in these pathways included some of those highlighted in the biofunction analysis, such as CYP19A1, VEGFC, FOXO1, ANGPT2, and CAV1.
Predicted upstream regulators in CCs are shown in Supplemental Table S8 , their associations with specific IPA networks in CCs are shown in Supplemental Table S7 , and a summary of regulators that regulate the highest number of IPA network members is given in Table 8 . The upstream regulator analysis identified 13 regulators that were altered in summer CCs (Supplemental Table S8 ); one of these (FOXO1) is associated with a significant z-score, indicating a predicted inhibition state, but all are associated with significant P values. Effects on upstream regulator expression include decreased expression of the LHCGR mRNA and decreased expression of the mRNA encoding transcription regulator SIN3A associated factor, 30 kDa (SAP30; Supplemental Table S8 ), which regulates LH-CGR. The microRNA mir-210 also appears as an affected upstream regulator. Effects were also observed on the mRNA encoding the interacting transcriptional regulators HMGB1 and Mothers against decapentaplegic, Drosophila homolog 7 (SMAD7). The caveolin mRNAs (CAV1 and CAV2) are also listed as affected regulators. Additional affected upstream regulators modulate expression of CYP19A1.
The upstream regulator analysis revealed predicted inhibition of pathways downstream of 14 upstream regulators and predicted activation of pathways downstream of five regulators; none of these upstream regulators show significantly different expression in summer CCs (Supplemental Table S8 ). One of these was an inhibition in signaling via HIF1A, which works with miR-210 in hypoxia response. The other upstream regulators displaying significant negative z-scores indicative of downstream inhibition include angiotensinogen 2 (AGT), avian erythroblastic leukemia viral oncogene homolog 2 (ERBB2), OSM, testosterone, aryl hydrocarbon receptor nuclear translocator 2 (ARNT2), signal transducer and activator of transcription 5B (STAT5B), p38 mitogen activated protein kinase MAPK (a.k.a. MAPK14), CD38 antigen (CD38), E2F transcription factor 1 (E2F1), fibroblast growth factor 1(FGF1), extracellular signal-related kinase 1/2 (ERK1/2), neural precursor cell expressed developmentally downregulated 9 (NEDD9), V-Ha-Ras Harvey rat sarcoma viral oncogene homolog (RAS), and prostaglandin endoperoxide synthase 2 (PTGS2). The apparent effects thus echo the effects projected by biofunction analysis for control of vasculogenesis and cell proliferation for CCs. Additional upstream regulators with negative z-scores close to the threshold for inhibition (Ϫ1.96) and known associations with CC function include inhibin beta A (INHBA), peroxisome proliferator-activated receptor gamma (PPARG), epidermal growth factor receptor (EGFR), and interleukin 1B (IL1B). The upstream regulators displaying significant positive z-scores indicative of downstream activation include wingless type MMTV integration site family member 3A (WNT3A), the PI3 kinase inhibitor LY294002, the copper metabolism gene COMM domain containing 1 (COMMD1), tumor suppressor VHL, and kinase inhibitor H89.
DISCUSSION
We report here that the developmental potential of oocytes obtained during summer months from rhesus macaques is reduced. The transcriptomes of oocyte-associated CCs and GCs are disrupted. Summer CCs and GCs both display evi- 
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dence of deficiencies in expression of mRNAs related to cell proliferation, angiogenesis and endocrine signaling, as well as reduced expression of PYGL. Additionally, CCs display deficiencies in expression of mRNAs related to stress response. These results provide the first insight into the specific molecular pathways and processes that are disrupted in the follicles of rhesus macaque females during the summer season. Although humans do not display seasonality in breeding, the seasonality effect in rhesus monkeys provides one important model of reduced oocyte quality in a primate species. Accordingly, the molecular changes contributing to reduced oocyte quality during the summer season in rhesus macaques may also contribute to our understanding of reduced reproductive performance in humans.
Reduced expression of PYGL mRNA could inhibit the ability of the GCs and CCs to break down glycogen and provide glucose or other carbon substrates to oocytes. Studies in mice have demonstrated clearly the essential role of CCs in metabolizing glucose via glycolysis, passing metabolites to the oocyte and promoting oocyte meiosis (14) . Studies in the macaque demonstrated that PYGL expression increases after an ovulatory stimulus and may promote a rise in intrafollicular glucose availability, which is spared for oocyte utilization (4) . Reducing the follicular supply of glucose through reduced PYGL expression would be expected to compromise oocyte developmental competence.
The endocrine profile of rhesus macaque females is significantly altered during the summer months, with reduced serum levels of progesterone, LH, and estradiol reported (24, 50, 51) . Our data indicate that disruptions in intraovarian endocrine signaling likely also exist. We observed reduced expression of LH receptor mRNA and other genes residing in an LH regulated network in summer CCs. We also observed reduced expression of the mRNA for SAP30, a cofactor that works with SIN3A in transcriptional repression. Superficially, reduced expression of SAP30 could be viewed as promoting LHR expression (15, 31, 53) ; it also participates as a component of other transcriptional repressor complexes, such as those par- Symbols for regulators with increased (or decreased) expression and fold-change Ն2 are preceded with _ (or +). Symbols for genes with increased (or decreased) expression and fold-change Ͻ2 are preceded with 1 (or 2). Regulators are ordered by the number of IPA networks that they are regulate. Regulators that are themselves affected in summer cumulus cells are listed separately on top. The numbers in parenthesis next to network IDs in the 4th/8th column signify how many molecules in those networks the regulators are affecting (e.g., IL1B regulates 5 molecules in network 1 and 5 molecules in network 7). Labels (M/. . .) in the 4th/8th column signify that the regulators are also member of those networks, e.g., miR210 regulates 3 molecules in network 2 and is also a member of network 2. ticipating in retinoid receptor, nuclear hormone receptor, and JNK-mediated gene activation. Reduced LH receptor mRNA expression in CCs is associated with reduced oocyte quality in cattle (6) . Progesterone produced by FSH and LH-stimulated CCs promotes maturation in pig oocytes (42) . Reduced LHR expression in the monkey could thus compromise oocyte quality by effects on steroidogenesis in summer CCs. Moreover, mouse GV-stage oocytes suppress LH receptor expression in GCs, whereas MII-stage oocytes are less potent in this capability (16) . These effects are consistent with an oocyte role in promoting the CC phenotype (and thus suppressing the GC phenotype), but a loss of this effect as maturation progresses. We note that monkey CCs come to resemble GCs quite closely after maturation (9) . This may allow CCs to replace GC functions after ovulation and move toward a steroidogenic phenotype that supports production of quality oocytes. Reduced LHR signaling in the summer CC could indicate an overall disruption or discoordination of the key oocyte-CC interactions that orchestrate these transitions, thereby contributing to lower quality oocytes.
We observed lower expression of mRNA for CYP19A1 (aromatase, required for conversion of androgens to estrogen) in summer CCs. CYP19A1 mRNA was not altered in summer GCs. CYP19A1 expression is typically observed in the context of GC production of intrafollicular estrogen. Its expression in human GC cells is positively correlated with pregnancy outcomes (20) , but its mRNA expression is higher in CCs from in vitro matured rhesus monkey CC-oocyte complexes with lower oocyte quality, due to an apparent failure to be downregulated during maturation (29) . Bovine CC-oocyte complexes produce estradiol in vitro in the presence of aromatizable androgen (1), and androstenedione in rhesus monkey in vitro maturation medium enhances oocyte quality (40) . CYP19A1 expression in the CC may provide a protective function by reducing exposure of the oocyte to excess androgen. The lower expression of CYP19A1 mRNA in CCs of summer follicles may thus contribute to reduced oocyte quality. It is also worth noting that, given the differential response of CYP19A1 mRNA expression under different modes of reduced oocyte quality, more than one underlying cause of reduced oocyte quality likely exists, with different associated CC transcriptome profiles.
In addition to disruptions in endocrine signaling, disruptions in signaling via other key ligands may also arise in the summer follicle. We observed negative z-scores indicative of potential inhibition of signaling networks associated with upstream regulators PTGS2, INHBA, FGF1, FGF2, FSH, EGFR, and IL1B. Upstream regulator analysis indicates modest roles for other growth actors, such as TGFB3. FSH and PTGS2 are key regulators of CC and GC differentiation (21) . Signaling via EGFR may promote favorable metabolic changes (38) , steroidogenesis (26) , and production of high-quality rhesus monkey oocytes (36) . Expression of EGF family members in CCs and GCs may regulate ovulation (22, 52) and is sensitive to FSH in mice (41) . Inhibition of EGFR signaling following FSH stimulation can inhibit oocyte maturation in the pig (37) , and EGFR induction following gonadotropin stimulation promotes EGFR expression in sheep GCs and CCs (12) . Cross talk between the FSH and EGF signaling pathways is important in pig CCoocyte complexes (37) . FGF receptor mRNAs are expressed in response to FSH stimulation in bovine CCs (5). Inhibition of cell proliferation functions was a hallmark of gene expression changes seen for both GCs and CCs from summer follicles, an effect that may arise from reduced signaling through TGF, EGF, and FGF pathways. The IPA analysis also indicated activated signaling downstream of WNT3A in CCs and reduced expression of the negative regulator of WNT signaling SHISA (which acts cell-autonomously) in GCs. WNT signaling can negatively affect folliculogenesis via FOXO3 (7, 30) , and excessive signaling through beta-catenin can be detrimental (17) . FOXO3 suppresses primordial follicle development in mice but in nonrodent species FOXO1 (which is elevated in summer CCs) may play a redundant role (47) . It is noted that oocyte-derived R-spondin promotes folliculogenesis via WNT signaling but that R-spondin can act through either TGF or WNT pathways (10, 13) . These observations indicate that changes in signaling through the WNT pathway in GCs and CCs could affect oocyte development. Angiotensin (AGT) contributes to LH-induced progesterone production in bovine GCs (44) . Our data implicate AGT signaling as being reduced in summer CCs. Overall, the inhibition of signaling via AGT, PTGS2, INHBA, FGF1, FGF2, FSH, EGFR, and IL1B-related pathways, and activated WNT-FOXO1 signaling in summer CCs could all contribute to seasonal reduction in oocyte quality.
Disruptions in endocrine and other signaling pathways may underlie another key deficiency implicated in the IPA analysis of transcriptomes for summer GCs and CCs, namely reduced angiogenesis and vascular development. Reduced expression of ANGPT2 and VEGF would reflect a reduced capacity for neovascularization. Changes in gene expression related to angiogenesis were previously reported for GCs in the human (3) . Indeed, other studies in the monkey and other species implicate GCs in promoting angiogenesis (45) and the beneficial effects of this on folliculogenesis and production of quality oocytes. Interestingly, CCs promote angiogenesis in rat ovaries at early stages of folliculogenesis, but this function is taken over by the GCs during later stages of folliculogenesis (43) . We observed inhibition in expression of angiogenesis functions in both cell types, indicating that reduced vascularization of ovarian follicles likely contributes to reduced oocyte quality.
The deficiency in angiogenesis may relate to a broader deficiency in CC responsiveness to hypoxic stress. Reduced signaling through HIF1A was implicated for CCs in the IPA analysis. Reduced expression of mir-210, which cooperates with HIF1A (23), was seen for summer CCs. Hypoxia promotes neovascularization (32) . HIF1A promotes hormonally regulated follicular differentiation and luteinization (46) and is important for vascularization in the ovary (33) . Inhibition of HIF1A function impedes oocyte maturation (27) . Reduced HIF1A signaling and reduced expression of genes related to vascularization in summer ovaries may thus be mechanistically linked in contributing to compromised folliculogenesis and reduced oocyte quality.
In summary, our data demonstrate reduced quality of oocytes obtained from rhesus macaques during the summer months, combined with altered patterns of gene expression in GCs and CCs. Perhaps the most significant effect observed was reduced expression of PYGL in both CCs and GCs, which may effectively starve the summer oocyte for essential carbon substrates. Additionally, disruptions in angiogenesis, reduced LHR signaling, reduced CYP19A1 expression, and changes in signaling through numerous other pathways were implicated in the IPA analysis of seasonal gene expression differences in GCs and CCs. Some of the changes seen in summer GCs and CCs have been reported in humans and in other model mammalian species. This suggests that the seasonal effects seen in the rhesus monkey may help us to understand better the mechanisms that contribute to reduced oocyte quality and fertility in humans.
